Some of the psychological abilities that underlie human speech are shared with other species. One hallmark of speech is that linguistic context affects both how speech sounds are categorized into phonemes, and how different versions of phonemes are produced. We here confirm earlier findings that swamp sparrows categorically perceive the notes that constitute their learned songs and then investigate how categorical boundaries differ according to context. We clustered notes according to their acoustic structure, and found statistical evidence for clustering into 10 populationwide note types. Examining how three related types were perceived, we found, in both discrimination and labeling tests, that an "intermediate" note type is categorized with a "short" type when it occurs at the beginning of a song syllable, but with a "long" type at the end of a syllable. In sum, three produced note-type clusters appear to be underlain by two perceived categories. Thus, in birdsong, as in human speech, categorical perception is context-dependent, and as is the case for human phonology, there is a complex relationship between underlying categorical representations and surface forms. Our results therefore suggest that complex phonology can evolve even in the absence of rich linguistic components, like syntax and semantics.
sparrow note-type categories serve to discriminate syllable types, and thus their perception plays a role in the assessment of songs by receivers: whether they have been precisely learned or whether they follow local population regularities (23) . Both field (17, 26) and neurobiological (26) experiments have demonstrated that two of these note types are perceived categorically by other individuals.
In the first such experiment, Nelson and Marler (17) showed that swamp sparrows from a population in the Hudson Valley of New York perceive some notes categorically, based on duration, even though these notes vary continuously in length, with a perceptual boundary coinciding with the trough in a bimodal distribution of note durations (see, for example, Fig. S3A ). Prather et al. (26) similarly found evidence for categorical perception for the same class of notes in a northwestern Pennsylvania population, but with the perceptual boundary occurring at a longer note length than in New York. This difference is consistent with the idea that note-type categories and categorical perception boundaries culturally evolve and differentiate between populations, much like human speech (27) , but a detailed comparison of the distribution of note type structure between Pennsylvania and New York had not been carried out until now.
In this study, we first demonstrate that in the region of acoustic space where there are two note-type clusters in New York, there are three clusters in Pennsylvania. We show that these note types exhibit a phonotactic regularity, in that notes from one cluster generally do not occur at the start of syllables, whereas notes from another cluster are mostly absent at the end of syllables. We then use this distributional data as the basis to test whether categorical perception is context-dependent, examining reduced discrimination within, relative to between categories and category labeling, and explore the similarity between note-type perception and partial overlapping in human phonology and speech perception.
Results
Note-Type Structure in Swamp Sparrow Populations. We began by examining in detail how the difference in perceptual boundaries between the New York and Pennsylvania populations relates to differences in note-type structure. We analyzed the notes sung in the repertoires of 206 males from Pennsylvania and 101 males from New York, measuring frequency parameters and note lengths from spectrograms. Bayesian Gaussian mixture modeling cluster analysis found evidence for 10 note clusters in Pennsylvania and 8 clusters in New York (Fig. S2) . In both populations there was a significant clustering tendency (Duda-Hart test, P < 0.001 for both populations).
In Pennsylvania, clusters diverged from those found in New York by our analysis in both the number of clusters and in the location of clusters in acoustic space (SI Results and Discussion and Fig. S2 ). Most pertinently, the class of notes that were the focus of previous perceptual experiments in both New York and Pennsylvania (that is, short notes that decrease rapidly in frequency) were assigned, as expected, to two clear clusters in New York (Fig. S3A ) but to three clusters in Pennsylvania (Fig. S3B) . Two of the Pennsylvania clusters broadly corresponded to the two types previously investigated in New York; the third cluster was of intermediate length and did not correspond to a cluster in New York. For the remainder of the paper, we focus only on these three note types in Pennsylvania, and we refer to them here as "short," "intermediate," and "long."
We observed a very clear phonotactic structure (28) in the distribution of these three note types (Fig. 1B) . The note types mostly occurred in either the initial or final position within the syllable (84% of total occurrences of these types; 71% of syllables began and 75% of syllables ended with one of these types). The notes clustering with the short-type occur much more frequently in the initial than in the final position within the syllable [253 vs. 52 times, MCMCglmm (29) logistic regression, n = 173 individuals, P < 0.0001], whereas conversely, the notes in the long cluster occur much more frequently in the final than the initial position (258 vs. 11 times, n = 175, P < 0.0001). Notes assigned to the intermediate-length cluster, however, are found in both initial and final positions at approximately equal frequencies (191 vs. 175 times, n = 183, P > 0.4).
Discrimination of Note-Type Categories. In the previous study of this population (26), a categorical boundary was found between intermediate and long note types, but not between short and intermediate notes, even though these are clearly different note clusters. A possible explanation for this apparent mismatch between production and perception comes from the phonotactic structure found in the use of these note types (Fig. 1B) . In both earlier field experiments (26), notes were only manipulated in the initial position. Therefore, the observed categorical perception boundary corresponded with the phonotactic distribution: short and intermediate notes are common in the initial position, whereas there are very few long notes. We therefore tested whether this phonotactic rule in song production is reflected in category perception by examining male swamp sparrows' responses to songs in which we had altered note length in either the initial or the final position in the syllable.
We used the habituation/dishabituation technique used in previous studies on swamp sparrows (17, 26) , and also used to demonstrate categorical perception in infants (30) , to test whether territorial males discriminate between note types. In this protocol, dishabituation in an aggressive visual territorial display ("wingwaving") indicates that males discriminate between two stimuli. We synthesized short, intermediate, and long notes and substituted them into natural syllables. We played back one such modified stimulus song to a subject until it was habituated and then replaced it with another modified song, and observed whether the rate of wing-waving increased. We quantified the rate of wing-waving by counting the number of 10-s segments during playback in which subjects produced at least one display (maximum value: 18), and used the difference in wing-waving rate for the habituated stimulus and the second stimulus as a "dishabituation score."
We found the pattern of dishabituation to vary greatly depending on whether we substituted notes at the beginning or at the end of a syllable ( Fig. 2A) . Overall, the best-fitting generalized linear mixed-model (GLMM) statistical model was one that included both the length and position of the substituted notes, as well as the interaction between the two factors, and this model provided a significantly better fit to the data than a null model ( Table 1 Labeling of Note-Type Categories. In addition to reduced discrimination within categories relative to between categories, a second hallmark of categorical perception is that items are labeled according to their category (31) . In the case of categorical perception in animal communication, this often takes the form of reduced response intensity for stimuli lying outside populationtypical categories (20) . We therefore carried out a second experiment in which we measured the intensity of males' territorial response to songs in which note length had been manipulated.
The best-fitting GLMM model was one that included the interaction between note length and position, and this model provided a significantly better fit to the data than a null model ( Table 2 ). In the initial position, the response to the long notes was significantly weaker than that to the short and intermediate notes ( Fig. 2B and Table S1 ). In contrast, in the final position, the response to the short notes was significantly weaker than that to the intermediate and long notes (Table S1 ).
Syllable-Type Norms and Perception. Earlier findings of categorical perception in swamp sparrows have been interpreted as supporting the idea that perceptual categories align with the produced note-type clusters. An alternative possibility that is also consistent with the earlier studies is that swamp sparrows do not possess general, phoneme-like note-type perceptual categories at all, but instead form separate categories for the notes in different syllable types.
This hypothesis might be plausible because syllable types can be shared by many males within a population (23, 24) , a consequence of vocal learning (32) . For example, when we visually categorized the 657 syllables sung by the 206 males in our Pennsylvania sample, we found only 65 syllable types, the most common of which was sung by 62 males. Because syllables are clustered into types based on their structural similarity, it is not surprising that for a particular syllable type, each of its notes is typically restricted to only one note type, across all renditions of the syllable by different males in the population. For a given note, we therefore use the term "syllable-type norm" to refer to the most common note type used in that position across all versions of the same syllable type within the population. For example, syllable type "Y" from Pennsylvania (the syllable type illustrated in Fig. 1A ) was sung by 18 males and the syllable type norm in the initial position was a short note type, and in the terminal position, the norm was a long note type (because all 18 males started the syllable with a short note and ended it with a long note). In fact, only 9.76% of notes in Pennsylvania were We measured dishabituation in a territorial display after switching stimuli from 9.5 to 17 ms or from 17 to 30 ms (or vice versa). The y axis shows the increase in the number of displays given after switching stimuli; large values (maximum possible value: 18) indicate that individuals discriminated between the stimuli (n = 40 males). (B) Labeling experiment. We played back songs to males inside their territories and used the first principal component of a suite of behavioral measures as an overall measure of the intensity of territorial response. The y axis shows the residual of a GLMM model that tested how subject, song-type, and stimulus order variation influenced response intensity. Larger values represent a more intense response. The x axis shows the length of the substituted note and the position of the substituted note (n = 48 males). Figures show means and error bars representing SEMs. Lines indicate post hoc tests of contrasts for complete GLMM models (see text). *P < 0.05; **P < 0.005; ***P < 0.001 (corrected for multiple comparisons); n.s., not significant. In both experiments, when substitutions were made in the initial position, a categorical response was shown between 9.5 ms and 17 ms but not between 17 ms and 30 ms. When substitutions were made in the final position, a categorical response was shown between 17 ms and 30 ms, but not between 9.5 ms and 17 ms.
classified by the cluster analysis in a different cluster from the majority of notes in the same position in the same syllable type.
In our experiments, the stimuli that we selected varied in their syllable-type norms for the focal notes (in the initial position the norm was either short or intermediate, in the final position the norm was either intermediate or long). We therefore investigated whether category boundaries differed according to these syllable-type norms. We found no evidence, however, for such a difference in either experiment when we included syllable-type norm (Fig. S4) ; in fact, the Akaike Information Criterion (AIC) score of the GLMM model increased (by 1.2 in the discrimination experiment and 5.4 in the labeling experiment; see model 5 in Tables 1 and 2 ). This finding indicates that the syllable-type norm provides no additional explanatory power to explain swamp sparrows' responses to song.
We next reanalyzed the subset of our data in the discrimination experiment for which the syllable-type norm was an intermediate-length note. These notes, before we replaced them, were essentially identical in structure, but varied in their position in the syllable. Thus, if syllable-type norm was the principal factor underlying categorization, then we would predict that there should be no difference in the categorical perception boundaries of these notes. Nevertheless, we found exactly the same pattern of response as for the complete dataset: greater discrimination between intermediate and long notes in the initial position, and between short and intermediate notes in the final position (Fig.  S4) . The interaction between substituted note length and note position had a significant effect on dishabituation (parametric bootstrap P < 0.00005), just as it did for the complete data.
In summary, note perception does not appear to be affected by syllable-type norm at all. This finding suggests that categorical perception in swamp sparrows reflects broader, phoneme-like perceptual categories, rather than syllable-specific ones. Uniquely among animals, syllable types are learned categories whose constituent units are also learned categories. Our finding of contextdependent categorization, however, suggests that these note-level perceptual categories do not have a simple one-to-one relationship with produced note-type clusters.
Discussion
Previous studies investigating the swamp sparrows' perception of their note types found reduced discrimination either side of a categorical boundary (17) and categorical-labeling responses in neuronal activity (26) . Our results support the idea that note types are perceived in a categorical fashion (even though we only tested for reduced discrimination on one side of the boundary). More significantly, our results go on to demonstrate that the categorization of note types is more complex than previously thought: just as in human phonology, context strongly influences how note types are assigned to perceptual categories. Although there are clearly three note-type clusters produced by birds from Pennsylvania (Fig. 1B) , these clusters do not correspond to three perceptual categories. Instead, both discrimination and labeling tests reveal only two perceptual categories, with the perceptual boundary between categories depending on the position of the note in a syllable. A likely interpretation of our results is that the trimodal distribution of produced notes we examined reflects two overlapping perceptual categories, similar to the phenomenon of phonemic overlapping in speech (14, 15) . Short and intermediate notes belong to one category that occurs in the initial position of a syllable, whereas intermediate and long notes belong to the second category, which occurs in the final position. Structurally identical intermediate notes are thus categorized differently when they are in the initial position of syllables from when they are in the final position.
We cannot completely rule out an alternative explanation suggested by phonological rules in human speech (13, 28) : that only one perceptual category underlies all three note types, and a rule disallows short notes from occurring the final position and long notes from occurring in the initial position. By this interpretation, short-and long-note allophones are in complementary distribution: both belong to the same category but never occur in the same context. Although both one-and two-category hypotheses are possible, either case requires a complex relationship between underlying representation and surface form that mirrors human phonology. The finding that three surface note-type clusters are underlain by a smaller number of perceptual categories raises the question of how these note-type clusters arose and how they are maintained. One possibility is suggested by the fact that intermediate note types are acceptable in both initial and final positions within the syllable. The beginning of a syllable is preceded and marked by a longer than normal internote gap (Fig. 1A) , but this cue may be more or less ambiguous. We speculate that in ambiguous syllables, notes in the initial position may be erroneously perceived as being in the final position (and vice versa). In such a situation, only intermediate notes guarantee acceptability. We suggest that although the short and long clusters may directly reflect underlying categories, intermediate clusters are an emergent, culturally evolving response to this ambiguity. Analysis of phonological structure across a wider range of populations is required to test this hypothesis.
Our study demonstrates that the phonology and perception of swamp sparrow songs share even more features with human phonology and speech perception than previously suspected. As in speech, swamp sparrows develop population-wide note-type categories that vary between populations, that are perceived categorically, and that have a complex correspondence with produced note-type clusters. As in speech, categorization is influenced by context in a higher hierarchical level, suggesting a possible role for top-down influences on perception. Unlike human speech, however, swamp sparrows do not use this sophisticated phonological system to construct a communication system with symbolic meaning or complex grammar. Instead, our labeling experiment provides a possible clue for the communicative function this phonology might serve. We observed weak responses upon playback of notes that lay outside the population norms. Producing songs that obey phonological rules may signal to others an ability to learn accurately, or membership of the local population, both features that have been proposed to underlie the evolution of accurate learning in songbirds (33, 34) . One conclusion that can be drawn from our work, therefore, is that mechanisms underpinning complex phonology, which are present in both human speech and swamp sparrow song, could have evolved before the linguistic traits of semantics and syntax, and instead may have their origins in the logic of assessment signals that govern much of animal communication.
Materials and Methods
Swamp Sparrow Phonology: Distribution of Produced Notes. We recorded and analyzed the song repertoires of 307 male swamp sparrows from two populations. See Supporting Information for details.
Discrimination Experiment. We conducted field playback experiments using the protocol of previous experiments that examined note perception in swamp sparrows (17, 26) . First, a habituation song stimulus was played in 3-min blocks at six songs per minute. In each block, the intensity of response was tallied as W, the number of 10-s subblocks in which at least one wingwave was observed. There was a 3-min gap between blocks. The block with the maximum response intensity was noted, and the habituation procedure continued until in two consecutive blocks the response was 25% or less than the maximum. At this point, after the 3-min gap, the stimulus was switched to a dishabituation song that was played as a final block. The dishabituation score was calculated as W dishab − W hab , the difference in response intensity between the final block and the penultimate block.
Experiments were carried out by one of us (R.F.L.) using a custom program written for the Android system and run on a Motorola Droid smartphone to record wing-wave events and calculate response intensities. The code for this program is available from R.F.L. Stimuli were coded such that the experimenter was blind to the type of trial carried out. Overall, our dishabituation scores were very similar to those in Prather et al. (26) , a testament to the unambiguity of the wing-waving display as a response measure. We balanced our design for the order of trials, and for the direction of change in the dishabituation block (i.e., from a shorter to a longer note, or vice versa).
Trials were initiated between 6:00 AM and 11:00 AM and carried out between May 25th and June 19th, 2010. We played songs from an Altec Lansing imt620 speaker, mounted on a tripod at a height of ∼1 m, using song stimuli stored and played through an Apple iPod. Stimulus blocks, concatenated with the 3-min gaps between them, were encoded as wav files with 44.1-kHz sampling rate and 16-bit depth. The blocks were constructed using the Audacity audio editor (v1.3b), and adjusted in amplitude to 80 dB SPL at 1 m. The iPod was controlled with the remote control of the speaker. The experimenter stood at a distance of ∼10 m from the speaker.
Stimuli songs were drawn from the sample of Pennsylvania songs recorded as described in the above section. We only used songs that we judged to be of high recording quality as stimuli. We applied a high-pass filter in Audacity at 1 kHz. All stimuli (including habituation and dishabituation stimuli) were constructed by: (i) copying a syllable located near the middle of the recorded song, (ii) substituting the focal note for a synthetic note within that syllable, and (iii) repeating the modified syllable to make a song at least 2-s long. Three sets of stimuli were constructed for each stimulus song, with synthetic notes of 9.5 ms, 17 ms, and 30 ms in length, chosen to be equally spaced on a logarithmic scale and to coincide with the peaks of note-type distributions (we ensured that the three modified songs had the same number of syllables). The synthetic notes were generated in Praat (www.praat.org), using a custom script. Similar synthetic notes had previously been used in neurobiological studies of swamp sparrows by Prather et al. (26) , and allowed us to control both note length and frequency range in light of our finding that both varied between clusters (Figs. S2 and S3C) . We adjusted start frequency to match that of the note in the original recording (start frequency varied little between the focal note types in the Pennsylvania population). End frequency was set so that bandwidth was typical for the note cluster (Fig.  S3C) , and so that it increased in a linear way between clusters (9.5-ms stimuli: 2.3 kHZ; 17-ms stimuli: 3.3 kHZ; 30-ms stimuli: 4.3 kHZ). Synthesized notes were adjusted in Audacity to match the amplitude of the notes they were replacing, and were placed in the stimulus with a 13-ms gap separating them from the subsequent (for initial position substitutions) or previous (for final position substitutions) note. Intersyllable gaps were set at 35 ms. These gap lengths between notes were chosen to match average values in swamp sparrow songs, and matched those used by Nelson and Marler (17) and Prather et al. (26) .
For stimuli, we used syllables that had a note in one of the three identified clusters (Fig. S3 ) in either the initial or final position. We used 20 syllable types; in 10 of these, we substituted a note in the initial position, and in the other 10 we substituted a note in the terminal position. The original notetype category of the substituted note for eight of the syllables was the intermediate note type; for six it was the short cluster (in the initial position only); and for the remainder it was the long cluster (in the final position only).
Each trial consisted of one of two contrasts between two note lengths, either short vs. intermediate or intermediate vs. long. For each syllable type, we carried out one trial for each of the two contrasts, making 40 trials (with 40 subjects) in total. In half of the trials (randomly selected), the 17-ms stimulus served as the habituation stimulus; in the other half, the 17-ms stimulus was the dishabituation stimulus.
We analyzed playback results with GLMM using lmer (35) in R (36) specifying a Poisson family, and specifying an observation-level random factor to control for overdispersion. We constructed a set of nested models, with the simplest, null model formula being W dishab ∼W hab + (1jType) + (1jTrial); in other words, we explained the number of displays in the dishabituation block by the number of displays in the habituation block and by two random factors, syllable type, and trial (the latter as the observation-level factor). We compared models using parametric bootstrapping using the pbkrtest package (with 10,000 resamples) and the ANOVA function of lme4, and selected models on the basis of AIC scores. We tested for significance of specific contrasts using the multcomp package (37) with Tukey contrasts.
Labeling Experiment. We played a subset of 12 song types from the stimuli in the discrimination experiment to 48 male swamp sparrows between May 29th and June 20th, 2012. Each trial consisted of 2 min of playback (at a rate of six songs per minute) of one of the stimuli. Each male was given two trials, 3 d apart. In the two trials, different versions of the same song type were played. In one trial, the song contained an intermediate note type, whereas in the second trial either a short or a long note type was substituted instead. Half of the males heard songs with notes substituted in the initial position and half heard songs with notes substituted in the final position. Half of the males heard songs with the intermediate note substitution in their first trial and half of them heard the intermediate note substitution in their second trial.
We played songs from a Bose SoundLink speaker, mounted on a tripod at a height of ∼1 m, using song stimuli stored and played through an Apple iPod. The amplitude of stimuli was adjusted to be 80 dB SPL at 1 m. The playback speaker was placed near the center of a male's territory. Each trial consisted of 2 min of silence followed by 2 min of playback and then a further 2 min of silence. Male behavior was recorded from the start of playback until the end of the trial by speaking into a voice recorder at a distance of ∼10 m to the speaker. Stimuli were coded such that the experimenter was blind to the type of trial carried out.
During the experiment we recorded four aspects of the subject's response to playback: (i) approximate closeness of the subject to the speaker, estimated based on markers placed at 2 m, 4 m, and 8 m on both sides of the speaker before the trial, averaged across 5-s intervals within the trial as described in ref. 38 ; (ii) number of flights past the speaker; (iii) number of songs; and (iv) number of wing-waving displays. We used a Box-Cox transform (λ 1 = 0, λ 2 = 1) on measures 2, 3, and 4. We then carried out a principal components (PC) analysis (using the correlation matrix method) of the responses. We found that the first principal component explained 45% of the total variation in responses, and was positively loaded with all four measures (closeness to the speaker: 0.350; number of flights: 0.592; number of songs: 0.662; and number of wing-wave displays: 0.297). We used this first component as a proxy for overall response intensity.
We analyzed playback results with GLMM using lmer (35) in R (36) specifying a Gaussian family. We constructed a set of nested models, with the simplest, null model specified as PC1∼Trial+(1jType)+(1jSubject), in other words, explaining variation in PC1 (the first principal component of the playback response) by Trial (whether it was the first or second playback to a subject), and two random factors: Type (the syllable type) and Subject. We compared models using parametric bootstrapping using the pbkrtest package (with 10,000 resamples) and the ANOVA function of lme4, and selected models on the basis of AIC scores. We tested the significance of specific contrasts using the multcomp package (37) , which adjusts for multiple comparisons, using Tukey contrasts.
